Recombination is a fundamental feature of sexual reproduction, ensuring proper disjunction, 7 preventing mutation accumulation and generating new allelic combinations upon which selec-8 tion can act. However it is also mutagenic, and breaks up favourable allelic combinations pre-9 viously built up by selection. Identifying the genetic drivers of recombination rate variation is a 10 key step in understanding the causes and consequences of this variation, how loci associated 11 with recombination are evolving and how they affect the potential of a population to respond to 12 selection. However, to date, few studies have examined the genetic architecture of recombina-13 tion rate variation in natural populations. Here, we use pedigree data from ∼2,600 individuals 14 genotyped at ∼38,000 SNPs to investigate the genetic architecture of individual autosomal re-15 combination rate in a wild population of red deer (Cervus elaphus). Female red deer exhibited 16 a higher mean and phenotypic variance in autosomal crossover counts (ACC). Animal models 17 fitting genomic relatedness matrices showed that ACC was heritable in females (h 2 = 0.12) but 18 not in males. A regional heritability mapping approach showed that almost all heritable varia-19 tion in female ACC was explained by a genomic region on deer linkage group 12 containing the 20 candidate loci REC8 and RNF212B, with an additional region on linkage group 32 containing 21 TOP2B approaching genome-wide significance. The REC8/RNF212B region and its paralogue 22
Introduction 27
Meiotic recombination (or crossing-over) is a fundamental feature of sexual reproduction and 28 an important driver of diversity in eukaryotic genomes (FELSENSTEIN, 1974; BARTON and 29 CHARLESWORTH, 1998) . It has several benefits: it ensures the proper disjunction of homol-30 ogous chromosomes during meiosis (HASSOLD and HUNT, 2001) , prevents mutation accumu-31 lation (MULLER, 1964) and generates novel haplotypes, increasing the genetic variance for fit-32 ness and increasing the speed and degree to which populations respond to selection (HILL and 33 ROBERTSON, 1966; BATTAGIN et al., 2016) . However, recombination can also come at a cost: to identify genomic regions that are associated with recombination rate variation. Addressing 75 these objectives will provide a foundation for future studies investigating the association be-76 tween the genetic architecture of recombination rate and individual fitness, to determine how 77 this trait evolves within contemporary natural populations. 78
Materials and Methods 79

Study population and genomic dataset. 80
The study population of red deer is situated in the 
Quantification of meiotic crossovers. 103
A standardised sub-pedigree approach was used to identify the positions of meiotic crossovers 104 . The full pedigree was split as follows: for each focal individual (FID) 105 and offspring pair, a sub-pedigree was constructed that included the FID, its mate, parents and 106 offspring ( Figure S1 ), where all five individuals were genotyped on the SNP chip. This pedigree 107 structure allows phasing of SNPs within the FID, characterising the crossovers occurring in the 108 gamete transferred from the FID to the offspring. All remaining analyses outlined in this section 109 were conducted in the software CRI-MAP v2.504a (GREEN et al., 1990) within sub-pedigrees were identified using the prepare function and removed from all affected 112 individuals; sub-pedigrees containing more than 0.1% mismatching loci between parents and 113 offspring were discarded. The chrompic function was used to identify the grand-parental phase 114 of SNP alleles on chromosomes transmitted from the FID to the offspring, and to provide a 115 sex-averaged linkage map. Switches in phase indicated the position of a crossover (Figure 116 S1). Individuals with high numbers of crossovers per gamete (>60) were assumed to have 117 widespread phasing errors and were removed from the analysis. 118
Errors in determining allelic phase can lead to incorrect calling of double crossovers (i.e. ≥ 119 2 crossovers occurring on the same chromosome) over short map distances. To reduce the 120 likelihood of calling false double crossover events, phased runs consisting of a single SNP were 121 recoded as missing (390 out of 7652 double crossovers; Figure S2 ) and chrompic was rerun. assuming similar frequency spectra of genotyped and causal loci using the argument --grm-adj 135 0. There was no pruning of related individuals from the GRM (i.e. we did not use the --grm-cutoff 136 argument) as there is substantial relatedness within the population, and initial models included 137 parental effects and common environment which controls for effects of shared environments 138 between relatives. ACC was modelled first using a univariate model: 139
where y is a vector of ACC; X is an incidence matrix relating individual measures to a vector 140 of fixed effects, β; Z 1 , and Z r are incidence matrices relating individual measures with additive 141 genetic and random effects, respectively; a and u r are vectors of GRM additive genetic and 142 additional random effects, respectively; and e is a vector of residual effects. The narrow-sense 143 heritability h 2 was calculated as the ratio of the additive genetic variance to the sum of vari-144 ance components estimated for all random effects. Model structures were tested with several 145 fixed effects, including sex,F III and FID age; random effects included individual identity (i.e. 146 permanent environment) to account for repeated measures in the same FID, maternal and pa-147 ternal identity, and common environment effects of FID birth year and offspring birth year. The 148 significance of fixed effects was tested with a Wald test, and the significance of random effects 149 was calculated using likelihood-ratio tests (LRT, distributed as χ 2 with 1 degree of freedom) 150 between models with and without the focal random effect. Only sex and additive genetic effects 151 were significant in any model, butF III and individual identity were retained in all models to 152 account for possible underestimation of ACC and pseudoreplication, respectively. As the vari-153 ance in recombination rates differed between the sexes, models were also run within each sex 154 separately 155
Bivariate models of male and female ACC were run to determine whether additive genetic vari-156 ation was associated with sex-specific variation and the degree to which this was correlated 157 between the sexes. The additive genetic correlation r A was determined using the CORGH 158 error-structure function in ASReml-R (correlation with heterogeneous variances) with r A set to 159 be unconstrained. Model structure was otherwise the same as for univariate models. To deter-160 mine whether genetic correlations were significantly different from 0 and 1, the unconstrained 161 model was compared with models where r A was fixed at values of 0 or 0.999. Differences in 162 additive genetic variance in males and females were tested by constraining both to be equal 163 values using the CORGV error-structure function in ASReml-R. Models then were compared 164 using LRTs with 1 degree of freedom. 165 were run including sex andF III as fixed effects; sex-specific models were also run. Associa-170 tion statistics were corrected for inflation due to population stratification that was not captured 171 by the GRM, by dividing them by the genomic control parameter λ, which was calculated as 172 the observed median comparing models with and without the Z 1 v i term with LRT (χ 2 1 ). To correct for multiple testing, 208 a Bonferroni approach was used, taking the number of windows and dividing by 2 to account 209 for window overlap; the threshold P-value was calculated as 2.95 × 10 −5 at α = 0.05. In the 210 most highly associated region, this analysis was repeated for windows of 20, 10 and 6 SNPs in 211 sliding windows overlapping by n − 1 SNPs in order to fine map the associated regions. This 212 was carried out from approximately 5MB before and after the significant region. 213
Genome-wide association study
Accounting for sample size difference between males and females. Sample sizes within 214 this dataset are markedly different between males and females (see above and Table 1 ). A 215 consequence of this may be that there is lower power to detect associations with male recombi-216 nation rate. We repeated the heritability and GWAS analyses in sampled datasets of the same 217 size within each sex. Briefly, 482 recombination rate measures (representing the total number 218 in males) were sampled with replacement within the male and female datasets, and the animal 219 model and GWAS analyses were repeated in the sampled dataset. This process was repeated 220 100 times, with sampling carried out in R v3.3.2. The observed and simulated heritabilities com-221 pared to see how often a similar results would be obtained. This was repeated for association 222 at the most highly associated GWAS SNPs and regional heritability regions. The differences 223 between the mean simulated values in each sex were investigated using a Welch two-sample 224 t-test assuming unequal variances. 225
Haplotyping and effect size estimation. Haplotype construction was carried out to exam-226 ine haplotype variation within regions significantly associated with recombination rate variation 227 in the regional heritability analysis. SNP data from deer linkage group 12 was phased using 228 types were then extracted for the most significant window from the regional heritability analysis 232 (see Results). 233
Effect sizes on ACC for the top GWAS SNPs were estimated using animal models in ASReml-234 R; SNP genotype was fit as a fixed factor, with pedigree relatedness fit as a random effect to 235 account for the additive genetic variance. To determine the effect sizes on ACC for the regional 236 heritability analysis, animal models were run as follows: for a given haplotype, A, its effect was 237 estimated relative to all other haplotypes combined, i.e. treating them as a single allele, B, by 238 fitting genotypes A/A, A/B and B/B as a fixed factor. This was repeated for each haplotype allele 239 where more than 10 copies were present in the full dataset. 240
Data availability 241
Raw data are publicly archived at doi:10.6084/m9.figshare.5002562 . 242
Code for the analysis is archived at https://github.com/susjoh/Deer_Recombination_GWAS. 243
Results 244
Variation and heritability in autosomal crossover count. 245
Autosomal crossover count (ACC) was significantly higher in females than in males, where fe-246 males had 4.32 ± 0.41 more crossovers per gamete (animal model, Z = 10.57, P W ald <0.001; 247 Figure 1 ); there was no effect of FID age or inbreeding on ACC (P >0.05, Table S1 ). Females 248 had significantly higher phenotypic variance in ACC than males (V P = 32.02 and 15.33, respec-249 tively; Table 1 ). ACC was significantly heritable in both sexes combined (h 2 = 0.13, SE = 0.05, 250 P = 0.002) and within females only (h 2 = 0.11, SE = 0.06, P = 0.033), but was not heritable in 251 males (P > 0.05; Table 1 ). The remaining phenotypic variance was explained by the residual er-252 ror term, and there was no variance explained by the permanent environment effect, birth year, 253
year of gamete transmission, or parental identities of the FID in any model (animal models P 254 >0.05). Bivariate models of ACC between the sexes indicated that the genetic correlation (r a ) 255 between males and females was 0.346, but that it not significantly different from zero or one 256 (P LRT >0.05). This may be due to the relatively small sample size of this dataset resulting in 257 a large standard error around the r A estimate, or the fact that ACC was not heritable in males. 258
Sampling of 482 measures from each sex showed no difference in the heritability estimates be-259 tween the sexes in this smaller dataset, indicating reduced power to quantify heritable variation 260 in the smaller male dataset (t = 0.242, P = 0.810, Figure S3 ). 261 Table 1 : Data set information and animal model results for autosomal crossover count (ACC). Numbers in parentheses are the standard error, except for Mean, which is the standard deviation. NOBS, NF ID and Nxovers are the number of ACC measures, the number of focal individuals (FIDS) and the total number of crossovers in the dataset. The mean ACC was calculated from the raw data. VP and VA are the phenotypic variance and additive genetic variance, respectively. h 2 , pe 2 and e 2 are the narrow-sense heritability, the permanent environment effect, and the residual effect, respectively; all are calculated as the proportion of VP that they explain. The additive genetic components were modelled using genomic relatedness matrices. P (h 2 ) is the significance of the VA term in the model as determined using a likelihood ratio test. 
Genetic architecture of autosomal crossover count. 262
Genome-wide association study. No SNPs were significantly associated with ACC at the 263 genome-wide level (Figure 2 , Tables 2 and S2 ). The most highly associated SNP in both sexes 264 was cela1_red_10_26005249 on deer linkage group 12 (CEL12), corresponding to position 265 26,005,249 on cattle chromosome 10 (BTA10). This marker was also the most highly asso-266 ciated SNP when considering recombination in trans, indicating that this region affects ACC 267 across the genome (Table S2 ). The observed association was primarily driven by female ACC 268 (Table 2, Figure 2 ). In females, the most highly associated SNP was cela1_red_10_25661750 269 on CEL12, corresponding to posiiton 25,661,750 on BTA10. For both SNPs, sampling of 482 270 measures from each sex showed that the observed associations were significantly higher in 271 females than in males when considering the same sample size (cela1_red_10_25661750: t 272 = 18.60, P < 0.001; cela1_red_10_26005249: t = 4.89, P < 0.001; Figure S4 Table S2 and sample sizes are given in Table 1 . Regional heritability analysis. The genome-wide regional heritability analysis of ACC showed 278 a significant association in both sexes and in females only with a ∼2.94Mb region on CEL12 279 ( Figure 3 , Table 3 ). The most highly associated window (∼1.36 Mb) within this region contained 280 42 genes, including REC8 meiotic recombination protein (REC8; 20,810,610 -20,817,662 bp 281 on BTA10). Detailed examination of this region in sliding windows of 6, 10 and 20 SNPs found 282 the highest association at a 10 SNP window of ∼463kb containing 36 genes, including REC8 283 (Table 3) . This region explained all heritable variation in recombination rate, with regional her-284 itability estimates of 0.143 (SE = 0.053) and 0.146 (SE = 0.045) for all deer and females only, 285 respectively. The sex-specific effect was supported by sampling of 482 measures, where fe-286 males had consistently higher associations than in males (t = 19.03, P < 0.001, Figure S5 ). 287
The total significant region after detailed examination was ∼3. Tables 3 and  307   S3 ). Full results for the regional heritability analyses are provided in Tables S3 and S4 . 308 Table 3 : The most significant hits from a regional heritability analysis of ACC in (A) Both sexes, (B) Females only and (C) Males only. Sliding windows were 20 SNPs wide with an overlap of 10 SNPs. Lines in italics are the most highly associated regions from detailed examination of significant regions -in each case these are for 10 SNP windows. The χ 2 and P values are for likelihood ratio test comparisons between models with and without a genomic relatedness matrix for that window; values in bold type are significant the the genome-wide level. The SNP locus names indicate the position of the SNPs relative to the cattle genome assembly vBTA_vUMD_3.1 (indicated by Chromosome_Position). Full results are available in Tables S3  & S4 Table 3 . Underlying data are provided in Table S4 . The lower panel shows linkage disequilibrium between each loci using allelic correlations (r 2 ).
Effect size estimation.
At most highly associated GWAS SNP, cela1_red_10_26005249, car-309 rying one or two copies of the G allele conferred 3.3 to 3.9 fewer crossovers per gamete in 310 females (Wald P < 0.001) and 1.8 -2.8 fewer crossovers per gamete in males (P = 0.009; Table  311 4). The most highly associated SNP in females, cela1_red_10_25661750, had a significant 312 effect on ACC in females (P < 0.001) but not in males (P > 0.05; Table 4 ). This locus conferred 313 2.03 more crossovers in A/G females and 13.68 more in G/G females; however, the latter cat-314 egory contained 7 unique measures in only two individuals, and so this estimate is likely to be 315 subject to strong sampling error. 316
A total of 17 haplotypes in the 10 SNP region spanning cela1_red_10_20476277 and cela1_red_10_20939342 317 had more than ten copies in unique individual females (Table S5 ). Of these, two haplotypes, 318 AGGAGAGAAG and AGAGAAGAGA, had a significant effect on ACC relative to all other hap-319 lotypes (Tables 4 and S5, Figure S6 ). Haplotype AGGAGAGAAG increased female ACC by 2.4 320 crossovers per gamete in heterozygotes (P < 0.001); homozygotes for the haplotype were rare 321 (13 measures in 4 individuals) and so the large effect size estimate was again likely to be subject 322 to strong sampling effects (Table 4 ). The haplotype AGAGAAGAGA reduced female ACC by 2.2 323 crossovers per gamete in heterozygous individuals (P < 0.05; Table 4 ). The r 2 LD between hap-324 lotype AGGAGAGAAG and the two most highly associated GWAS SNPs was 0.464 and 0.885 325 for cela1_red_10_26005249 and cela1_red_10_25661750, respectively; for haplotype AGA-326 GAAGAGA, it was 0.229 and 0.036 for cela1_red_10_26005249 and cela1_red_10_25661750, 327 respectively. 328 Table 4 : Effect sizes for the most highly associated GWAS SNPs and for the AGGAGAGAAG haplotype at the most highly associated regional heritability region. Models were run for each sex separately and included a pedigree relatedness as a random effect. Count and ID Count indicate the number of ACC measures and the number of unique individuals for each genotype, respectively. Wald.P indicates the P-value for a Wald test of genotype as a fixed effect. 
Discussion 329
In this study, we have shown that autosomal crossover count (ACC) is 1.2× higher in females 330 than in males, with females exhibiting higher phenotypic and additive genetic variance for this 331 trait; ACC was not significantly heritable in males. Almost all genetic variation in females was 332 explained by a ∼7Mb region on deer linkage group 12. This region contained several candidate 333 genes, including RNF212B and REC8, which have previously been implicated in recombination 334 rate variation in other mammal species, including humans, mice, cattle and sheep (KONG et al., Here, we discuss in detail the genetic architecture of individual recombination rate, candidate 337 genes underlying heritable variation, sexual-dimorphism in this trait and its architecture, and the 338 conclusions and implications of our findings for other studies of recombination in the wild. 339
The genetic architecture of individual recombination rate. Using complementary trait map-340 ping approaches, we identified a ∼7Mb region on deer linkage group 12 (homologous to cattle 341 chromosome 10) associated with ACC. The most highly associated GWAS region occurred at 342 ∼25.6 -26Mb (relative to the cattle genome position), although this association was not signifi-343 cant at the genome-wide level. The most highly associated regional heritability region occurred 344 between ∼20.5 -20.9MB, around 5Mb away from the top GWAS hits (Figure 4) ; association 345 at this region was significant at the genome-wide level and explained almost all of the heritable 346 variation in ACC in both sexes and in females only. Most variation in mean ACC was attributed 347 to two haplotypes within this region (Tables 4 and S5; Figure S6 Figure 4 ). Another explation may be that the small 359 sample size used in the current study may result in increased sensitivity to sampling effects 360 and bias in the estimation of the relative contribution of SNPs to the trait mean (GWAS) or 361 variance (Regional heritability). Further investigation with higher samples sizes, whole genome 362 sequencing approaches and improved genome assembly may allow more accurate determina-363 tion of the most likely candidate genes and potential causal mutations (coding or regulatory) 364 within this population. 365
Candidate genes for recombination rate variation. . 366
Regional heritability analysis. The most highly associated region in the regional heritability 367 analysis contained the gene REC8, the protein of which is required for the separation of sister Sexual dimorphism in genetic architecture of recombination rate. The results of this anal-396 ysis suggest that there is sexual dimorphism in the genetic architecture of recombination rate 397 variation in deer. Male ACC was not significantly heritable, although we could not rule out 398 that this was a consequence of their smaller sample size relative to females ( Figure S3 ). No re-399 gions of the genome were significantly associated with male ACC in the regional heritability and 400 GWAS analyses, but sampling did indicate that differences observed between male and female 401 genomic associations were genuine ( Figures S4 & S5) . Investigation of genetic correlations 402 between males and females was inconclusive, as the r A of ACC was not significantly different 403 from 0 or 1. The observed sex differences are consistent with previous studies of the genetic 404 architecture of ACC in mammals, where a sexually-dimorphic architecture has been observed 405 at the paralogous RNF212 region in humans and sheep (KONG et al., 2014; JOHNSTON et al., 406 2016) . Nevertheless, some observed associations were stronger when considering both male 407 and female deer in the same analysis, for example at the most highly associated GWAS SNP, 408 and the amplified signal for the regional heritability analysis on linkage group 33 (Figures 2 &  409 3), suggesting that there may be some degree of shared architecture within these regions. 410
Conclusions and implications for studies of recombination in the wild. We have shown 411 that recombination rate is heritable in female red deer, and that it has a sexually dimorphic 412 genetic architecture. Variants associated with recombination rate also affect this trait in other 413 mammal species, supporting the idea that this trait has a conserved genetic architecture across 414 distantly related taxa. A key motivation for this study is to compare how recombination rate and 415 its genetic architecture is similar or different to that of model species itable variation present in male deer. Whilst we were able to test their effects, we found no 420 contribution of contribution of individual and common environmental effects on recombination 421 rate (i.e. age, year of birth, year of gamete transmission); indeed, most phenotypic variance 422 in recombination was attributed to residual effects. This suggests that despite some under-423 lying genetic variation, recombination rate is mostly driven by stochastic effects, or otherwise 424 unmeasured effects within our dataset. 425
This represents one of the smallest datasets in which recombination rate has been investigated, 426 and so it may be that the observed effects are underestimated due to the small sample size, 427 sampling effects, or perhaps that other genetic variants present in this species do not segre-428 gate in the Rum deer population. Nevertheless, identification of clear candidate genes and their 429 effects on phenotype represents a valuable contribution to understanding the genetic architec-430 ture of recombination more broadly. Ultimately, our findings allow future investigation of the 431 fitness consequences of variation in recombination rate and the relationship between identified 432 variants and individual life-history variation, to address questions on the maintenance of ge-433 netic variation for recombination rates, and the relative roles of selection, sexually antagonistic 434 effects and stochastic processes in contemporary natural populations. 435
